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Proteolytic processing of the amyloid precursor protein (APP) 
generates amyloid p (Ap) peptide, which is thought to be causal 
for the pathology and subsequent cognitive decline in Alzhei- 
mer's disease. Cleavage by p-secretase at the amino terminus of 
the Ap peptide sequence, between residues 671 and 672 of APP, 



leads to the generation and extracellular release of P -cleaved 
soluble APP 1 , and a corresponding cell-associated carboxy-term- 
inal fragment. Cleavage of the C-terminal fragment by -y-secre- 
tase(s) leads to the formation of Ap. The pathogenic mutation 
K670M671 — * N670L671 at the p-secretase cleavage site in APP 2 , 
which was discovered in a Swedish family with familial 
Alzheimer's disease, leads to increased p-secretase cleavage of 
the mutant substrate 3 . Here we describe a membrane-bound 
enzyme activity that cleaves full-length APP at the p-secretase 
cleavage site, and find it to be the predominant p -cleavage activity 
in human brain. We have purified this enzyme activity to homo- 
geneity from human brain using a new substrate analogue 
inhibitor of the enzyme activity, and show that the purified 
enzyme has all the properties predicted for p-secretase. Cloning 
and expression of the enzyme reveals that human brain p- 
secretase is a new membrane-bound aspartic proteinase. 

P-cleaved soluble APP (P-sAPP) was detected in membranes 
isolated from 293 cells stably overexpressing the 'Swedish* mutation, 
SweAPP75 1 , by western blot analyses using the p-cleaved soluble APP 
(p-sAPP)-specific antibody Swl92 (ref. 4). Incubation of the mem- 
branes at pH 5.5 led to an increase in the cell-associated p-sAPP, and 
the appearance of a faster migrating species (Fig. 1). Treatment with 
O-glycanase resulted in the co-migration of both immuno reactive 
bands at the size of the lower band, which indicated that the smaller 
species resulted from p -cleavage of membrane- associated N-glyco- 
sylated immature APP (data not shown). These results are consistent 
with the specific cleavage of the full-length APP at the p-cleavage site 
by a membrane-bound proteinase activity. The membrane-bound P- 
cleavage activity exhibited a preference for acidic pH, with an 
optimum value of pH 5.5. Co-incubation with class-specific protease 
inhibitors, such as pepstatin, E-64 or phenylme thy Sulphonyl fluor- 
ide, did not affect the generation of the p-cleaved APP (data not 
shown). Washing the membranes with 0.1% saponin under hypo- 
tonic conditions did not lead to loss of the membrane-associated p- 
cleavage enzyme activity (Fig. 1); therefore, we extracted P2 
membranes 5 in 0.1% Triton X-100, 0.1% Brij-35 or 0.1% p-octylglu- 
coside to test the solubility of enzyme activity. The soluble super- 
natant fractions were assayed for p-cleavage activity, on an exogenous 
recombinant substrate, MBPC125Swe. Specific p-cleavage was 
detected only in the Triton X-100 extracts. 

We analysed various tissues and cell lines for p-cleavage activity, 
by extracting P2 membranes from each source with 0.2% Triton X- 
100 and assaying for p-cleavage (Fig. 2a). Human and mouse brain, 
and brain regions had uniformly high levels of enzyme activity, 
whereas little activity was detected in other tissues. In different cell 
lines, neurons had the highest level of enzyme activity, whereas 293, 
Cos and Chinese hamster ovary (CHO) cells had lower levels. Cells 
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Figure 1 Endogenous substrate cleavage by p-secretase in P2 membranes. Membranes 
were prepared from 293 cells stably transfected with APP751 . and either extracted with 
0.1 % saponin (+ saponin) or used directly (- saponin). Membranes in 0.1 M sodium 
acetate, pH 5.5 and 2% DMSO were either incubated (+) or solubilized without incubation 
(-). Samples were analysed by immunoblotting with the p -cleavage-specific 192sw 
antibody. M u relative molecular mass. 
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Figure 2 p-secretase activity in tissues and cell lines; a, Triton extracts of P2 membranes 
from the indicated cell types (first five samples) or tissues were assayed for p-secretase 
activity, b, Triton extracts of human brain membranes were assayed for p-secretase 
directly or" after purification on WGA-agarose. Assays were performed at the indicated pH 
in the absence or presence of pepstatin or leupeptin and E-64 (Leu + E64). 

of monocytic or lymphocytic origin did not have detectable enzyme 
activity. Thus, the enzyme activity is highest in cells of central 
nervous system (CNS) lineage, and found in cell lines commonly 
used for analysis of APP metabolism, in line with the observation 
that p-sAPP production is enhanced in CNS-derived cells, such as 
foetal neurons in culture 1 . 

An assay of solubilized extracts of human brain membranes 
showed a strong pH-dependent p-cleavage activity, which, like 
the activity in the 293Swe membranes, was not inhibited by 
pepstatin, leupeptin or E-64 (Fig. 2b). The soluble enzyme activity 
quantitatively bound to and eluted from wheat germ agglutinin 
(WGA) lectin-agarose. The pH dependence and inhibitor resis- 
tance remained unchanged through this (Fig. 2b) and all subsequent 
purification steps, and the enzyme activity migrated as a single 
species when analysed by size-exclusion chromatography (data not 




1 io 
Inhibitor (^iM) 

Figure 3 Inhibition of p-secretase by substrate analogue peptides. PkHV: Thr662- 
Phe674 of APP751Swe; stat: statine substituted for P^ leucine; statAc: substituted statine 
acetyl ester; statV: substituted statine and valine at P v . Activity of p-secretase was 
assayed as described in Methods, except that peptides were added in DMSO stocks with a 
final concentration of DMSO of 2%. Values are plotted as percentages of DMSO control. 
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Figure 4 Purification and in vitro specificity of (5-secretase. a, Silver-stained SDS-PAGE 
gels of p-secretase as eluted from a Pio-P* StatVal affinity column (affinity) and as finally 
purified from brain (brain) and p-secretase-transfected 293T cells (recombinant), 
b Purified full-length APP, wild-type (WT) or Swedish (SWE) and partially purified p- 
secretase were either incubated (+) or analysed directly (-). Reactions were analysed by 
immunoblotting: anti-N, antibody 10F1 ; anti-C, antibody 13G8. Arrows indicate the 
positions of the N- and C-terminal fragments, c, Partially purified p-secretase was 
incubated with MBP-C125, WT or SWE variants, and analysed by silver-stained SDS- 
PAGE gels or immunoblotting. 

shown), indicating that a single enzyme may be responsible for the 
human brain p-cleavage activity. In addition to the lack of inhibi- 
tion by E-64 (cysteine proteinase inhibitor) and leupeptin (serine/ 
cysteine proteinase inhibitor), no inhibition was seen with 3,4- 
DCIC (serine proteinase inhibitor), iodoacetamide (cysteine pro- 
' teinase inhibitor) and 1,10-phenanthroline (metalloproteinase 
inhibitor). Although pepstatin was not inhibitory, even at 50 u,M, 
some aspartic proteinases are insensitive to pepstatin 6 , and together 
with the acidic pH preference exhibited by the enzyme, it seemed 
probable that the p-cleavage was being carried out by a pepstatin- 
insensitive aspartic proteinase activity. 

On the basis of this proposition, a P l0 -P 4 ' (ref. 7), ? x (S)-statinc 
substituted substrate analogue was synthesized. The (S) -statine 
P 10 -P 4 - analogue dose-dependently inhibited the soluble p-cleavage 
activity with half-maximal inhibitory concentration (ICso)~40 u,M, 
whereas the unmodified peptide (KTEEISEVNLDAEF) was not 
inhibitory (Fig. 3). Acetylation of the statine hydroxyl, or replace- 
ment of the S- with the K-statine enantiomer (data not shown), led 
to loss of inhibitory activity, indicating that, as in other statine- 
containing inhibitors for aspartic proteinases 8 , inhibitory potency is 
dependent on an unmodified hydroxyl residue in the appropriate 
configuration. Further improvement in the potency was achieved by 
substituting valine for aspartic acid at the P r position, which led to 
an inhibitor, P 10 -P 4 ' StatVal, with ICjo-30 nM (Fig. 3). 

Purification of the p-secretase enzyme activity from human brain 
was achieved by a sequential four-step procedure, incorporating an 
affinity-purification step with immobilized Pi 0 ~P 4 ' StatVal inhibi- 
tor peptide (Fig. 4a, affinity-eluate). The enzyme activity is purified 
-300,000-fold using this procedure, yielding a ~70K (relative 
molecular mass, 70,000) protein homogeneous by silver-stained 
SDS polyacrylamide gel electrophoresis (PAGE) analysis (Fig. 4a, 
brain). 
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p501 QQHDDFADDI SLLK 

Figure 5 Sequence of p-secretase and homology with known aspartyl proteinases. The 
predicted amino-acid sequence of p-secretase (p501) is aligned with two well- 
characterized members of the human aspartyl proteinase family, pepsinogen and 
cathepsin D. Boxes represent amino acids that are identical in all three sequences. 
Hatched bar, the N terminus of mature p501 , determined by N-terminal sequencing of the 

The purified enzyme cleaved both MBPC125Swe and wild-type 
substrates specifically at their P-cleavage sites (Fig. 4c, silver stain, 
anti-C)> generating N-terminal fragments that were immunoreac- 
tive with the P-sAPP neo-epitope-specific Swl92 and Wtl92 (ref. 1) 
antibodies (Fig. 4c, 192sw, 192wt). The corresponding C-terminal 
fragments (Fig. 4c, 3D6), which reacted with 3D6 (ref. 9), mono- 
clonal antibody specific to the free N terminus of Apl-5, were also 
detected, providing evidence of a single endopeptidic cleavage. The 
cleavage sites were confirmed by N-terminal sequence analyses. 
Incubation of the brain enzyme with purified full-length APPSwe 
also resulted in specific cleavage at the p-site, as determined by the 
generation of single N- and C-terminal fragments (Fig. 4b). 

Edman degradation of purified human brain p-secretase revealed 
a single N-terminal sequence, ETDEEPEEPGRRGSFVEMVDNLR, 
which we used for isolation of complementary DNA clones encod- 
ing full-length P-secretase by a combination of polymerase chain 
reaction (PCR) and conventional cDNA library screening. Sequence 
analysis of cDNA clones isolated from human neurons and human 
foetal brain identified open reading frames that were predicted to 
encode an polypeptide comprising 501 amino acids, p501. This 
sequence is identical to a recently described p-secretase clone 10 , 
which was obtained from a 293 cell library using expression cloning. 
The N-terminal sequence obtained from the purified human brain 
enzyme corresponded to residues 46-66 of the predicted protein 
sequence (Fig. 5), indicating that the mature enzyme is generated 
from a preproenzyme. 

Co-transfection of p501 cDNA with either WtAPP751 or 
SweAPP751 in 293T cells led to marked increases in P-sAPP pro- 
duction (Fig. 6b) and substantial increases in Ap peptide (Fig. 6a). 
The large increase in p-sAPP is accompanied by a corresponding 



501 

purified protein. Cross-hatched bar, an internal amino-acid sequence from the purified 
protein determined from a peptidic fragment. Filled bar, transmembrane domain in p501 , 
predicted by hydropathy analysis of the sequence. Riled circles, active-site aspartic acid 
residues. Arrowheads indicate the four predicted /V-linked gtycosylation sites in the p501 
sequence. 
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Figure 6 Transfection of cells with p-secretase. Cells were co-transfected with either 
wild-type (WT) or Swedish (SWE) APP and either the p-secretase clone p501 or p- 
galactosidase control. Co-expression of p-gal or p501 and APP coding sequences was 
directed from the CMV promoter peptide in vectors that did not permit replication in 293T 
cells, a, Media were analysed for Ap peptide using ELISAs specific for all Ap C termini 
(1-x) or Ap 42 (1 -42). b, Media were analysed by immunoblotting to measure secreted 
APP (sAPP): a-sAPP (antibody 1 736), p-sAPP (antibodies 1 92 or 1 92Swe) and total sAPP 
(antibody 8E5). 
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decrease in a-sAPP levels (Fig. 6b, a-sAPP), suggesting a very efficient 
cleavage of full-length APP at the p-cleavage site. Thus, p501 over- 
expression leads to increased 0-secretase cleavage of both WtAPP and 
SweAPP, accompanied by increased concentrations of Ap peptide. 

The recombinant enzyme was purified using cation exchange and 
the inhibitor affinity matrix (Fig. 4a, recombinant), and its N- 
terminal sequence was determined. About 90% of the purified 
protein N-terminal sequence corresponded exactly to that deter- 
mined for the purified brain enzyme (residue 46). About 10% of the 
total sequence started at residue 22, the proenzyme form generated 
upon removal of the signal peptide (residues 1-21). Expression of 
the recombinant enzyme is thus accompanied by efficient cellular 
proteolytic processing indistinguishable from that of the native 
enzyme purified from human brain. 

Northern blot analyses (data not shown) showed high expression 
in brain and pancreas, as previously described 10 ; however, whereas 
brain displayed high enzymatic activity (Fig. 2a), pancreas had very 
low activity. It may be that post-transcriptional regulation, possibly 
at the level of translation, regulates pancreas p-secretase activity. 

The activity of human brain p-secretase, both in vitro and in cells, 
is highly specific for the p-cleavage site. Overexpression of the 
enzyme leads to marked increases in p-sAPP and Ap peptide levels. 
The enzyme shows enhanced cleavage of Swedish as compared to 
wild-type substrate, in agreement with results obtained from 
cellular studies. The highest levels of enzyme activity are found in 
cells and tissues of CNS origin, which supports its proposed role as 
human brain P-secretase. The pH-activity profile of the enzyme is 
acidic, consistent with cellular studies of APP metabolism that 
intracellular acidic compartments are involved in p-, but not a- y 
secretase cleavage events 4 . 

Our data show that activation of p-secretase from the proenzyme 
form occurs efficiently in cell lines, p-secretase enzyme activity 
levels correlate well with the propensity of the cell line or tissue to 
generate AP peptide from APP. As with HIV proteinase 11 , and 
illustrated here by the peptide-based transition state analogue, 
potent and selective inhibitors of this enzyme can be generated. 
Further optimization with structure-based drug design should lead 
to the discovery of small molecules that would be effective in 
inhibiting Ap peptide production in Alzheimer's disease. □ 

Methods 
APP substrates 

The 125 C-terminal residues of APP, in both the wild-type and the Swedish variants, were 
fused to the C terminus of MBP in the Escherichia coli expression vector pMALc (New 
England Biolabs). The fusion proteins were induced in bacterial cultures and purified by 
solubilization with 1% Triton X- 100/7 M urea, followed by chromatography on amylose- 
agarose. The bound proteins were eluted with 10 mM maltose in 20 mM Tris, pH 7.5, 1% 
Triton X-100, 0.1 M NaCl, diluted 1 : 1 with 6M guanidine, and stored in frozen aliquots 
(0.1 mgml" 1 fusion protein in 10 mM Tris, pH 7.5, 0.2% Triton X-100, 0.15 M guanidine- 
HC1). 

Full-length APP was prepared from 293 cells stably transfected with Swedish or wild-type 
APP. P2 membranes were washed with 20TE (20 mM Tris, 2 mM EDTA) with 0.5M NaCl 
and extracted with 20TE with 0.5% Triton X-100, Full-length APP was purified by anion 
exchange and immuno-affinity chromatography 12 on 13G8 coupled to NHS-Sepharose. 

p-secretase enzyme assay 

p-cleavage assays were carried out in 20 mM sodium acetate, pH 4.8, 0.06% Triton X-100, 
with 10 ng ml -1 MBPAPPC125. Reaction mixtures were incubated at 37 °C for 1-2 h, and 
the quenched reaction mixtures were then loaded onto 96-well plates coated with a 
polyclonal antibody raised to MBP. Generated p-deaved product was detected using 
biotinylated Swl92 or biotinylated Wtl92 as specific reporter antibodies and quantitated 
against the appropriate MBP-C26 standard. 

Enzyme isolation 

Crude membrane fractions were obtained from frozen human brain tissue. The mem- 
brane pellets were extracted with 20 mM MES, pH 6, 0,15 M NaCl, 0.5% Triton X-100. The 
soluble extract obtained by centrifugation was loaded onto WGA-agarose at pH 7.5, and 
the column eluted with 6% chitin hydrolysate after washing. We diluted the eluate fourfold 
into 20 mM sodium acetate, pH 5, adjusted the pH to 5.0, and passed it through a Hi-Trap 
SP column. The SP flow-through was adjusted to pH 4.5 with acetic acid and applied to a 
column of P[o-P<' statV coupled to NHS-Sepharose. The column was washed and eluted 



with 0.2 M NaCl, 40 mM sodium borate, pH 9.5, and 2.0% Triton X-100. We removed 
contaminating proteins by anion exchange on MiniQ. N-terminal sequence analysis was 
carried out by Argo Bioanalytica, 

Cloning and expression 

Screening of the Origene human foetal brain Rapid-Screen cDNA Library Panel by 
degenerate PCR, using oligos 5'-GAGAGACGA(G/A)GA(G/A)CC(A/T)GAGGAGCC-3' 
and 5'-CGTCACAG(G/A)TT(G/A)TCrACCATCTC-3', identified a partial clone encod- 
ing the amino-acid sequence from the purified enzyme. Radiolabeled probe derived from 
this clone was used to screen a size-selected human foetal primary neuronal cell library 
generated in a mammalian expression vector to obtain the full-length clone, p501. Wild- 
type or Swedish APP751 was transiently co- transfected with either p501 or 0-gal control 
into 293T cells (Edge Biosciences). Co-expression of 6 -gal or p501 and APP coding 
sequences was directed from the CM V promoter in vectors that did not permit replication 
in 293T cells. Medium was collected 48 h after transfection. 

Antibodies 

Antibodies were directed against the following portions of the APP751 sequence: 10F1, 
residues 20-304 (ref. 9); 13G8, 727-751; 8E5, 495-643 (ref. 9); 192wt and 192sw, specific 
for p-cleaved APP wild-type and Swedish variants, respectively 1 ' 4 ; 1746, specific for a- 
cleaved APP (courtesy of D. Selkoe); 3D6, A01-5, specific for the free N terminus*. 
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In nervous systems with symmetry about the midline, many 
neurons project axons from one side to the other. Although 
several of the components controlling midline crossing have 
been identified 1 " 4 , little is known about how axons choose the 
appropriate pathway when crossing. For example, in the 
Drosophila embryo axons cross the midline in one of two distinct 
tracts, the anterior or posterior commissure (AC or PC, respec- 
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